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Chapter 1
Literature Review

Transgenic Crops: Changing the Face of Modern Agriculture
Over the past dozen years, row crops, such as soybean, maize, cotton and canola,
have been genetically engineered to contain transgenes that can enhance the nutritional
content of crops and/or confer resistance to a number of diseases, herbicides, abiotic
stresses, and yield reducing pests (James et al. 2006, 2007). By reducing input costs
formally devoted to crop maintenance (i.e. the application of herbicides, fertilizers and
pesticides), the adoption and utilization of biotech crops has helped farmers in developed
and developing countries worldwide to increase profits and decrease costs (James et al.
2007; Chapman et al. 2006, Légère et al. 2005). Due to their success, transgenic cropping
systems (i.e. biotech crops) have become the most rapidly adopted agricultural
technology to date.
According to the International Service for the Acquisition of Agri-Biotech
Applications (ISAAA), the accumulated global area dedicated to biotech crops increased
70-fold between 1996-2007, totaling at 691.3 million hectares (1.4 billion acres) (James
et al. 2006, 2007). In one year alone (2006-2007) the worldwide area devoted to biotech
crop production grew 12 percent or 12.3 million hectares (30 million acres) to reach
114.3 million global hectares. The increase seen in this past year alone (2006-2007)
represents the second highest area increase in the past five years (James et al. 2007).
1

Of the 23 countries that grew biotech crops in 2007, the United States represented
the largest player, contributing over 57.7 million hectares. This number represents
roughly half of the total global hectares devoted to the cultivation and production of
biotech crops (James et al. 2007). The other major adopters of biotech crops include:
India, China, Argentina, Canada, and Brazil. The adoption of biotech crops in Europe is
also increasing. In 2007, Poland planted Bt maize for the first time making it the eighth
country in the European Union to grow biotech crops. Spain, France, Czech Republic,
Germany, Romania, Slovakia, and Portugal are the other European contributors with
Spain devoting the most hectares to biotech crop cultivation (James et al. 2007)
The global adoption of biotech crops has also stimulated social and economic
reform. In 2006, a study was conducted on 9,300 resource-poor Bt cotton and non-Bt
cotton-cultivating households throughout 456 villages in rural India (Barfoot et al. 2008).
. Bt stands for an insecticidal protein derived from a naturally occurring soil bacterium
called Bacillus thuringiensis. This bacterium produces crystalline (cry) proteins that are
capable of binding to receptors and disrupting the digestive system of insects. Depending
on the type of Bt crystalline protein present, plants that contain Bt proteins become
resistant to specific defoliating insect. Consequently, ingestion of these plant results in
insect death. Fewer plants being destroyed by insects means an increase in yield and
profits for farmers. Because of higher incomes from the increased yields, it was reported
that the women and children in villages where Bt cotton was grown had more access to
social benefits (more prenatal visits and assistance with home delivery) than non-Bt
cotton cultivating households. The increase in income has also lead to higher school
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enrollment and vaccination rates for children in the villages where Bt cotton was grown
compared to non-Bt cotton villages (James et al. 2007).
Another study, conducted in South Africa, reported that subsistence farmers in the
Makhathini Flats, in the KwaZulu-Natal province increased yields from three bales per
hectare to eight bales per hectare by switching to Bt cotton. Not only did these farmers
see an increase in yields and profits (net income of US $5,730), they were also able to
reduce insecticide applications by 80% (reduced from ten times per season to two times
per season) and decrease water usage by 1,000 liters (over the entire field site) in one
growing season (Ishmael et al. 2002). So, not only have biotech crops been shown to
increase profits because of higher yields, but they have also been beneficial to the
environment by reducing the need for chemical fertilizers and pesticide application. Less
chemicals being applied to cropping systems is favorable for the environment because it
reduces the amount of chemical run-off that ends up in local rivers systems and lakes
(James et al. 2007).
Despite their success, environmental and social benefits, and quick adoption rates,
regulatory and ecological concerns have prompted questions regarding potential longterm ecological risks that could stem from the cultivation and production of transgenic
crops; as responsible researchers, it is our duty to address these concerns. One concern
regarding the adoption of biotech crops is that transgenes will be able to persist in
unintentional environments and hence become ecological nuisances. Some potential
routes of transgene escape and persistence include pollen flow from transgenic crops to
sexually compatible wild relatives, unintentional seed dispersal and persistence of
volunteer populations post harvest (Stewart et al. 2003).
3

Gene Flow Prevention Models
A number of gene flow prevention models have been proposed in the literature
(Daniell et al. 2002, Ellstrand et al. 2003). Some of these models include: surrounding
transgenic crops with buffer zones or barrier crops to block or hinder pollen flow
(Kareiva et. al 2000), creating male-sterile plants to prevent pollen flow (Mariani et al.
1990), inserting gene-deletor constructs (recombinase system that would excise
transgenes from pollen grains) (Luo et al. 2007), inserting transgenes in areas that are less
likely to be transferred during homologous recombination, thereby inhibiting the
transgene from being transferred to subsequent generations (i.e. “safe” integration sites)
(Metz et al. 1997), inserting transgenes into the maternally inherited plastid genomes
(Corriveau et al. 1988, Daniell et al. 2002, Hansen et al. 2003), and transgene mitigating
(TM) strategies (Gressel et al. 1999; Al-Ahmad et al. 2004, 2005, 2006). Of these
proposed strategies, transgene mitigation will be one of the focal points of this thesis
project.
TM strategies use tandem constructs that contain a fitness enhancing transgene,
such as gene conferring disease, herbicide or insect resistance, coupled to a gene that is
advantageous or neutral to crops but disadvantageous to wild weedy relatives (Gressel et
al. 1999). The Δgai (gibberellic acid insensitive) gene, which confers a dwarf phenotype,
is one example of a gene that could be used in tandem with a fitness-enhancing gene.
Dwarfed crops are more desirable in many cultivated systems because taller crops are
more susceptible to wind and weather elements that could cause the crops to fall over
(lodging). Dwarfism helps to prevent lodging and consequently increases overall yields.
Dwarfism has also been shown to increase biomass and seed production (Al-Ahmad et al.
4

2005). While dwarfism is a desirable trait in cropping systems, it would be
disadvantageous in a wild-type environment. A dwarfed weed would not be able to
compete with taller neighboring plants for sunlight and hence would not be able to
produce all the nutrients needed for growth and development resulting in decreased
relative fitness (Daniell et al. 2002, Gressel et al. 1999, Al-Ahmad et al. 2004, 2005,
2006). Other examples of agronomically beneficial crop traits that could be targeted for
TM strategies include reduced seed dormancy, delayed seed ripening, and reduced seed
shattering (Daniell et al. 2002, Al-Ahmad et al. 2005). Each of the gene flow prevention
models described above have advantages and disadvantages (described in detail in
Daniell et al. 2005). However, since no system is perfect, it is crucial to consider the
possible effects and/or consequences of transgene flow in an ecological setting, i.e., what
are the potential ramifications of transgene escape.

Gene Flow Between Transgenic Crops and Their Wild Relatives
Possible negative ecological consequences emanating from the cultivation of
biotech crops include: increased weediness of the transgenic crop within and outside
cropping systems and the possible likelihood and/or consequences of gene flow from
transgenic crops to wild relatives (Légère et al. 2005; Chapman et al. 2006; Stewart et al.
2000, 2003, 2004; Pinstrup-Anderson and Schiøler, 2000). The specific concern, in the
later case, is that transgene introgression, from transgenic crops to wild relatives, could
create a more invasive feral weed population i.e., “superweeds”. Depending on the
transgene (discussed below), transgene introgression could create feral plants with
competitive advantages, which, in turn, might spread throughout the feral population
5

(Stewart et al. 1997, 2003; Halfhill et al. 2001, 2004, 2005; Jenczewski et al. 2003; Snow
et al. 2003; Ellstrand et al. 1990). For example, an insecticidal transgene, Bt cry1Ac,
which confers resistance against select members of the insect order Lepidoptera, if
introgressed into the genetic background of a weedy host, might give the host a selective
advantage in its environment and could possibly disrupt ecosystems (Stewart et al. 1997,
Snow et al. 2003, Chapman et al. 2006). Genes conferring resistance to herbicides, such
as glyphosate or an ALS-based herbicide, are other examples of transgenes that could
pose potential ecological risks if introgressed (Légère et al. 2005). In this case,
introgression would only be a concern if the transgenic hybrids persisted in areas that
were routinely treated with the herbicide. For example, in a cropping system, a transgenic
hybrid weed conferring herbicide resistance would be a nuisance to farmers because the
weed could potentially compete with and reduce the yield of the crops (Stewart et al.
2003). In a non-cropping system, area not treated with herbicides, the herbicide
resistance gene would not confer any competitive advantages and hence be ecologically
neutral

Transgenic Hybrids: To Be or Not To Be a “Superweed”
It is well documented that transgenic or biotech crops can hybridize with and, in
extremely rare cases, introgress transgenes onto wild/weedy relatives. However,
discrepancies exist among species in regards to hybrid performance. Snow et al. (2003)
reported that when cultivated transgenic sunflowers (Helianthus annuus), transformed to
contain a Bt transgene, hybridized with a wild self-incompatible sunflower (also H.
annuus), the resulting BC1 hybrids were more fit than their wild-type parent. The
6

transgenic BC1 hybrids produced, on average, 55% more seeds per plant when compared
to a non-transgenic control. At a separate field site, the hybrids only produced 14% more
seeds per plant. Compared to the non-transgenic control, these results were statistically
insignificant (Snow et al. 2003). Even though the sunflower results were not significant,
they still raise a red flag to policy makers and regulators who were tittering on the brink
of deciding whether or not transgenic crops are environmentally and/or ecologically
friendly because these results suggest that if gene flow and transgene introgression were
to occur, transgenic hybrids could be more fit and hence more invasive than their weedy
parent.
In a similar study, Halfhill et al. (2005) analyzed the fitness of four transgenic
Brassica rapa × transgenic Brassica napus (F1, BC1F1, BC2F1, and BC2F2) hybrid lines
that originated from a single transgenic event. They found that the average vegetative
growth and nitrogen use efficiency was lower than the wild-type Brassica rapa parent
indicating that the transgenic Brassica hybrids would likely be less fit in an agronomic
setting. They hypothesized that this decrease in fitness could be the result of several
factors including species effects, initial transgene insertion locus (position effects),
ecological conditions, and/or linkage-derived genetic load. Linkage-derived genetic load,
in this case, could be defined as the unfavorable consequences of crop genes linked to the
transgenes resulting in a fitness decrease in the recurrent backcross or hybrid plants—in
this case B. rapa (Stewart el at. 2003, Halfhill et al. 2005). It appears that this concept of
genetic load is an interesting component of transgene introgression that needs to be
researched further in order to understand the likelihood of transgene persistence in the
environment.
7

Genetic Load: Implications for Gene Flow
Since crops have historically been selected for traits that likely confer a
disadvantage in the wild but would be beneficial in an agronomic setting (e.g. lack of
seed dormancy and non-dehiscing pods), it is generally accepted that the incorporation of
crop genes into wild relatives would be deleterious in natural habitats (Ellstrand et al.
2001, Halfhill et al. 2005, Hails et al. 2005, Warwick and Stewart, 2005). It could
therefore be hypothesized that multiple backcrosses, from crops to wild relatives, could
result in a hybrid that possessed a ploidy level similar to the weedy parent. However,
because of the crop genes that could have replaced the “weedy” genes during
homologous recombination, the backcrossed hybrids could be more “crop-like” when
compared to the wild-type weeds in regards to performance. Consequently, the genetic
load carried over by the crop genes could counteract any potential benefits or advantages
conferred by the fitness enhancing transgenes making the weedy transgenic hybrid even
less fit than the weedy parent. This concept of genetic load has not been empirically
tested using transgenic plants.

Thesis Objectives
Genetic load, via transgene linkage with endogenous genes or engineered via TM
constructs, is hypothesized to be one of the causes of hybrid inferiority and hence will be
the focus of this study. The objectives of this study were two-fold. The first objective
was to asses the fitness consequences of genetic load by measuring seed yield, aboveground dry biomass, and wheat yield, under competitive (grown in a fall planted wheat
crop) and non-competitive field conditions. This data was then correlated to amplified
8

fragment length polymorphism (AFLP) markers specific to the C-genome of the Brassica
napus parental crop species. This first study was designed to answer whether crop × weed
hybrids with more crop genes are less competitive than hybrids containing fewer crop
genes. The second objective of this study was to analyze the advantages of utilizing
transgene-mitigating (TM) strategies (engineered genetic load) to reduce the amount of
transgenic progeny under field conditions. This is a follow-up field study from
greenhouse and shade-house experiments performed in Israel that demonstrated that TM
strategies are effective in mitigating gene transgene flow from B. napus to B. rapa.

9

Chapter Two
Genetic load of crop genes in hybrid and backcrossed
transgenic Brassica napus (oilseed rape) × Brassica rapa (field
mustard) populations in competition with Triticum aestivum
(wheat).

Abstract
It is well documented that transgenic or biotech crops can hybridize with and, in
extremely rare cases, introgress transgenes onto wild/weedy relatives. However,
discrepancies exist among species in regards to hybrid performance. The reasons for
these discrepancies could be explained by species effects, initial transgene insertion loci
(position effects), ecological conditions, and/or linkage-derived genetic load. The fitness
effects of linkage-derived genetic load were analyzed in this study. In order to understand
the consequences of genetic load, field studies were performed on three unique Brassica
napus × Brassica rapa hybrid populations. The hypothesis tested was that there would be
lower productivity in hybrid populations possessing higher crop genetic load (i.e.,
Brassica napus crop-specific amplified fragment length polymorphism (AFLP) DNA
markers) than populations possessing fewer crop specific markers. To test this
hypothesis, non-transgenic parental and hybrid lines were grown in the presence and
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absence of interspecific competition. Field performance and fitness data (seed yield and
aboveground biomass) was collected and then correlated against B. napus crop specific
and B. rapa weed specific AFLP markers. Our results showed significant differences
among transgenic events for fitness parameters and for B. napus and B. rapa specific
AFLP markers. Furthermore, there was a significant positive correlation among B. napus
markers and fitness of plants in non-competitive plots, and a positive correlation among
B. rapa markers and fitness of plants in competitive plots; i.e., we cannot fail to reject out
hypothesis that genetic load is an important factor in transgene introgression and
performance.

11

Introduction
Muller et al. (1950) first described genetic load as the total amount of deleterious
mutations in the genome of an organism. Today, genetic load has become a common term
in the fields of conservation and population genetics, yet with slightly different meanings,
depending on the field. In regards to transgenic cropping systems, genetic load could be
defined as the unfavorable consequences of crop genes, linked to transgenes, as they
become introgressed into weedy genomes (Stewart et al. 2003; Halfhill et al. 2003, 2005;
Warwick et al. 2003, 2008). Traditionally, crops have been bred and selected for
agronomically useful traits such as lack of seed dormancy, apical dominance, delayed
fruit ripening, reduced competitive ability, loss of self-incompatibility, suppression of
natural seed dispersal, and non-dehiscing pods (Stewart et al. 2003). While these traits are
adapted in crop systems, they are generally purged in feral populations because they are
detrimental to performance and persistence. Therefore, it is generally accepted that the
incorporation of crop alleles into weedy genetic backgrounds would be disadvantageous
for weeds (Ellstrand et al. 2001, Warwick and Stewart, 2005).
When crops are continually backcrossed to weedy relatives, hybrids are produced
that possess ploidy levels similar to the weedy parent. However, it could be the case that
hybrids could be more “crop-like” when compared to the weedy parent. This is because
of the replacement of some of the genes from the weed’s genome with crop genes linked
to one or more genes being selected—in this case, the transgenes. Because of linkage
drag, mitotic constraints and mismatches during homologous recombination, the genetic
load created by hybridization and the introgression of the crop genes hitchhiking with the
transgenes could potentially counteract any potential fitness advantages conferred by
12

beneficial transgenes. In essence, genetic load may impede a transgenic crop × weed
hybrid’s ability to compete and persist for future generations (Ellstrand et al. 2001,
Halfhill et al. 2005, Hails et al. 2005, Warwick and Stewart 2005, Burke et al. 2007). If
this were to be the case, then there are two likely ramifications:

(1) Transgenic hybrid “weeds” would have lower fitness than the weedy parent
(2) Early backcrossed generations (en route to transgene introgression) would be purged
when competing with more fit wild-type weeds.

This factor could be in contrast with the regulatory assumptions that, depending on the
transgene, transgene flow from crops to wild species could have fitness-enhancing effects
on the weedy plants and therefore be disruptive to ecosystems. When compared to fitness
advantages conferred by transgenes, genetic load could be a more powerful evolutionary
force in domesticating weeds (Stewart et al 2003).
If genetic load is an opposing evolutionary foe to fitness enhancing transgenes,
then it is important to understand the genetic and ecological effects among transgenic
events or “sister-lines” (lines that contain the same transgene construct but in different
insertion loci) (Burke et al. 2003, Halfhill et al. 2005, Felber et al 2007). For
experimental and practical reasons, all of our previous field studies have focused on one
transgenic B. rapa × B. napus hybrid line (GT1: an event with a normal phenotype).
However, from studies performed on a single transgenic event, conclusions are limited to
that event.
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The need to analyze the competitive differences among transgenic events is
reinforced by empirical transgene segregation studies that analyzed several B. rapa × B.
napus hybrid and backcrossed populations derived from nine independent transgenic
events (Zhu et al. 2004). Under laboratory conditions, they found that, beginning in the
BC2 generation, the transgene segregation ratios differed among events and differed from
the expected Mendelian segregation patterns of 1:1. These results could imply that locusspecific linkage effects could cause segregation distortion. They concluded that the initial
genomic location of transgene insertion might affect the long-term persistence of
transgenes if they were introgressed into weedy B. rapa populations (Zhu et al. 2004). If
this were the case, these results would support the theory proposed by Metz et al. (1997).
There could in fact be optimal genomic locations for transgene insertion that could hinder
the persistence of fitness enhancing transgenes in subsequent generations.
In a separate study, Halfhill et al. (2003) analyzed the loss of B. napus-specific
AFLP markers in B.rapa × B. napus backcrossed generations. They found that B. napus
markers decreased as the lines were backcrossed. However, the loss of B. napus markers
differed between the two transgenic events (GT1 and GT8) analyzed, once again
indicating that transgenes could segregate based upon initial transgene insertion loci.
Compared with the GT1 event, the GT8 event harbored significantly more B. napusspecific AFLP markers beginning the BC1 generation (Halfhill et al. 2003).
Brassica napus (cv. Westar, canola, oilseed rape, OSR) is grown worldwide as an
oilseed-producing crop and, after soybean, ranks second in oil production. B. napus is an
allotetraploid (AACC, 2n = 38) and probably evolved through hybridization and
polyploidization between the two diploid species Brassica rapa (2n=20, AA) and
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Brassica oleracea (2n=18, CC) (Hansen et al. 2003; U, 1935). B. napus is an excellent
model crop for the study of genetic load because it can hybridize with closely related
weedy species such as Brassica rapa, (field mustard, wild turnip, birdseed rape) (Beckie
et al. 2004, Devos et al. 2007; Hansen et al. 2003; Halfhill et al. 2001, 2002, 2003, 2004;
Jorgensen et al. 1994, 1996; Metz et al. 1997; Mikkelson et al. 1996; Moon et al. 2007;
Snow et al. 1999; Warwick et al. 2003, Stewart et al. 2003) Hirschfeldia incana, Brassica
juncea and, to a lesser degree, with more distant relatives such as Raphanus
raphanistrum (wild radish) (Gueritaine et al. 2002; Warwick et al. 2003, reviewed in
Devos et al. 2007). However, hybridizations between B. napus and B. rapa are the most
common and often produce the most viable offspring (Devos et al. 2007). B. rapa, is a
common weed that can be found in and around areas of B. napus cultivation.
Another reason why B.napus is an attractive model crop for the study of genetic
load is because of the amount of data that exists from comprehensive lab and field studies
that have been performed on B. napus (transgenic and non-transgenic) cropping systems
(Paul et al. 1995; Stewart et al. 1997; Darmency et al. 1998; Ramachandran et al. 1998a,
1998b, 2000; Halfhill et al. 2001, 2003, 2004, 2005; Hansen et al. 2003; Hüsken et al.
2007, Moon et al. 2007; Warwick et al. 2003, 2008, Zhu et al. 2004). Consequently, B.
rapa can be a nuisance to farmers because it can compete with and hence reduce the yield
of crops such as B. napus and wheat (Jorgensen et al. 1994, 1996; Davenport et al. 2000;
Mikkelson et al. 1996; Metz et al. 1997; Halfhill et al. 2001, 2002, 2003, 2004; Snow et
al. 1999; Warwick et al. 2003). The presence of B. rapa volunteers is a major problem in
Canada, parts of the US, and in the UK where OSR is grown as a staple crop for oil
production (Warwick et al. 2003).
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In order to understand the consequences of genetic load, comprehensive field
studies were performed on three genotypically diverse Brassica napus × Brassica rapa
hybrid populations. The objective of the following research was to compare three
independent transgenic events in early stages of backcrossing (i.e., post F1), at the
generation in which events might expect to differ in their relative amount of genetic load
(Zhu et al. 2004). These experiments tested the hypothesis that there should be lower
productivity in hybrid populations with higher crop genetic load than populations with
lower crop genetic load (i.e., crop-specific amplified fragment length polymorphism
(AFLP) DNA markers would be inversely related to hybrid fitness) Also, the transgenic
events should differ because of transgene insertion loci. To test this hypothesis, we
investigated how fitness differed between non-transgenic parental and hybrid lines with
and without interspecific competition with wheat. To assess fitness, above-ground
Brassica biomass and seed yield data were collected at plant maturity. Wheat vegetative
dry biomass was also collected at the end of the field season to determine the competitive
potential of various hybrid lines. It was hypothesized that more competitive (more
weedy) the Brassica, the less biomass the wheat would yield. This data was then
correlated to B. napus crop specific and B. rapa weed specific AFLP markers to
determine if there is any relationship between genetic load and hybrid performance.
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Materials and Methods
Field Site, Transgenes and Plants
Primary B. napus cv “Westar’ transgenic events were transformed with a plasmid
(pSAM12, originally described in Harper et al.1999) containing GFP (derived from
Aequorea victoria, mGFP5er variant, ER targeted) (Haseloff et al. 1997) and an
insecticidal Bt (derived from Bacillus thuringiensis, synthetic Bt cry1Ac) gene. These
lines were labeled as “GT” lines because they contained GFP and Bt transgenes.
Agrobacterium mediated transformation was utilized to insert the pSAM12 construct into
Brassica napus (Halfhill et al. 2001). From the original transformation experiment, nine
independent transgenic events were produced (GT 1-9). Of those nine, three were chosen
for this study (GT1, GT5, and GT9) Halfhill et al. 2001). Each of these GT lines
represents independent transgenic events (each with unique single copy transgene
insertion sites). These specific lines were chosen based upon previous research that
showed differences in the amount of Bt protein production among the transgenic events
(Zhu et al 2004, Halfhill et al 2003). Zhu et al. (2004) quantified the amount of Bt protein
in each of the nine transgenic events. They found that the homozygous GT9 line
produced the most Bt protein at all stages of development. The Bt concentrations in GT1
and GT5 were relatively the same. If there is a fitness advantage in having the Bt cry1Ac
transgene, then our GT9 line should out perform the other hybrid lines in resisting
defoliating caterpillars and thereby exhibiting the highest fitness. Non-transgenic B. rapa
and B. napus parental lines were used as controls and were also analyzed in this study.
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Breeding Strategy
The homozygous GT transgenic B. napus lines were hand crossed with non-transgenic,
weedy B. rapa (a.c. 2974) under greenhouse conditions in order to create F1 hybrid lines
for each of the transgenic events. Transgenic F1 hybrids were confirmed for GFP using a
hand-held long wave ultraviolet (UV) light (UVP model B-100AP 100W 365nm)
(Stewart et al. 2001) then hand-crossed to Brassica rapa and crossed amongst themselves
under greenhouse conditions that created a mixed BC1/F2 population. Because GFP and
Bt were located on the same tDNA insert, it was assumed that the presence of GFP meant
that Bt was also present. After the hand-crosses were completed and the plants reached
maturity, seeds were collected from the F1 hybrids (Figure 1: All figures and tables are
located in an appendix at the end of the chapter). This diverse population was chosen for
analysis because previous research showed that the Mendelian segregation patterns and
the number of crop markers (here called genetic load; i.e., genetic load of crop genes onto
the B. rapa genome) began to differ among transgenic events in these generations.
Consequently, this population would provide the most power to discriminate genetic load
effects among events. It would also be the generation pool that would yield the highest
degree of crop-marker variability and effects (Zhu et al 2004, Halfhill et al 2005).

Ploidys of the BC1/F2 populations
When the F1 hybrids were crossed amongst themselves, the resulting F2 progeny
could be diploid (AC, 2n=19), triploid (AAC, 2n=29), or could even revert back to the
original homology of the crop parent (AACC, 2n=38) (depending on how the gametes
sorted during meiosis). Pollen from the weedy B. rapa was also used fertilize the F1
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hybrids resulting in a BC1 population. The resulting progeny would be mostly AA with
some aneuploidy (possessing 1 or 2 chromosomes) from the original B. napus parent. By
quantifying the number of B. napus (crop) specific genetic markers along with the fitness
and competiveness of individuals in the BC1/F2 populations, we will be able to draw
some conclusions on the importance of genetic load on transgenic weed competitiveness.

Experimental Design and Data Analysis
Comprehensive field studies were performed at the Lang Rigdon Research Farm
in Tifton, GA, USA (31°27’N 83°30’W) from October 2007-June 2008. In order to
characterize the weediness potential of individual backcrossed BC1/F2 hybrids and their
non-transgenic parental lines, individual Brassica plants were grown in conjunction with
a fall planted wheat crop (Triticum aestivum, AGS 2000). A 2 m drill was used to plant
the wheat at a seeding rate of 90 kg per hectare (Figure 3A). Wheat was chosen as the
competitive crop because it usually follows canola in crop rotation farming practices.
AGS 2000 was chosen based upon previous regional productivity data that showed that
this variety was optimal for our area and under our growing conditions (data not shown).
Wheat, located within a half-meter radius surrounding the Brassica plants, was harvested
to measure the effects of competition associated with the hybrids (Figure 4A). The
hybrids and parental lines were also grown in the absence of interspecific competition to
assess their maximum growth and productivity potential (Figure 4B).
Two-week old Brassica plants were transplanted into the field site two weeks
after the wheat was planted (Brassica plants were started in the greenhouse at the same
time that the wheat was planted in the field) (Figure 3B). Prior to transplanting, GFP
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confirmation was performed using a hand-held long wave ultraviolet (UV) light (UVP
model B-100AP 100W 365nm). No insecticide was applied to the field site. All plants
were subjected to ambient insect and herbivory pressure. Soil sampling and analysis was
performed on the field prior to planting. There were no soil nutrient differences found
throughout the field (data not shown). N-P-K fertilization was applied at levels
recommended to adjust fertility for agronomic wheat production. At plant maturity (midJune), the aboveground vegetative biomass (wheat and Brassica), from each plot, was
hand-harvested, dried and recorded. Seed weight or mass was measured by the total
amount of seed (g) produced per plant and then averaged per line. The total number of
seeds per plant was calculated based on the average weight of 50 seeds. Plant dry weight
and number of seeds were used to estimate the vegetative and reproductive productivity.
A completely randomized split-plot design with replication was utilized to take
into account the two different experimental units being analyzed in this study (Figure 2).
A split-plot design is utilized any time there is at least 2 treatment factors, one of which
(the whole plot treatment: in this case interspecific competition vs. no-competition) is
applied to large experimental units. The large experimental units contain smaller
experimental units (subplot experimental units) to which the other treatment factor
(subplot treatment: in this case Brassica lines) is applied (Ott and Longnecker, 2001).
The field site contained twenty plots (ten wheat and ten no-wheat plots), fourteen subplots within each plot (two replicates for each parental line, three replicates for each
hybrid line and one wheat only or blank plot) totaling 270 sub-plots. Sub-plots (lines) and
each treatment (competition/no-competition) were randomized using SAS version 9.2
(SAS Institute Inc, Cary, NC, USA). (Ott and Longnecker, 2001). Statistical analysis
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included whole plot treatment (two treatments per experiment) and sub-plot interactions
(five sub-plots in each plot). Plant productivity data among lines and treatments was
analyzed using analysis of variance (ANOVA) using SAS version 9.2. Rank
transformation was implemented when the data did not meet equal variance or normality
assumptions. Differences in the total amount of B. napus and B. rapa AFLP markers was
analyzed per line and for each treatment by analysis of variance (ANOVA) using SAS
version 9.2. Correlations, between AFLP markers and plant productivity data, were
analyzed in SAS using the PROC CORR program. SAS macros used in this analysis were
kindly provided by Dr. Arnold M. Saxton and can be accessed by going to the following
website (http://animalscience.ag.utk.edu/faculty/saxton.htm).

AFLP Analysis
Amplified fragment length polymorphism (AFLP) analysis has emerged as an
attractive methodology to analyze genetic diversity in several taxa including plants,
fungi, animals and bacteria (Meudt et al. 2007). For studies performed on plants (where
sequence data is limited and where hybridization is usually a factor), AFLPs are a useful
research tool because they help to identify nuclear specific genomic markers that can
later be utilized to distinguish between species (Agarwal et al. 2008). AFLP analysis was
used here to estimate the number of private alleles from either B. napus or B. rapa in
hybrid plants. AFLP analysis was performed as described in Halfhill et al (2003) with
minor modifications. Individual samples were ground in a Fast Prep FP120 (BIO 101)
grinder and total genomic DNA was extracted using a modified CTAB procedure
(Stewart et al. 1997). For each sample, approximately 250 ng of DNA was digested with
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1.25 U of EcoRI and 1.25 U of MseI (Invitrogen) in a 5x reaction buffer (50 mM TrisHCl pH 7.5, 50 mM MgAc, 250 mM KAc) in a reaction volume of 12.5 µl at 37ºC for 2.5
h. Restriction enzymes were than heat inactivated at 65ºC for 10 min. The digested DNA
samples were then ligated to adaptors in a ligation solution containing 0.5 U of T4 DNA
ligase (Fisher), 5x ligation buffer (Fisher), 0.4 mM ATP, 1 pMol of EcoRI adapter and 10
pMol of MseI adapter (Integrated DNA Technologies: IDT) in a reaction volume of 25.0
µl at 22ºC overnight. Next, the adapter-ligated DNA was diluted 10-fold with sterile
water and used as a template for pre-amplification. Pre-amplification was carried out with
primers complimentary to the EcoRI and MseI adapters, with one selective nucleotide at
the 3’ end of each primer. The pre-amplification reaction included 2.5 µl of the diluted
adapter-ligated DNA, 0.2 mM of dNTPs, 1.5 mM of MgCl2, 0.1 U of Ex Taq (Fisher),
10x PCR buffer (Fisher), 7.5 ng of the EcoRI+1 and MseI+1 primers in a reaction volume
of 10.0 µl. Amplifications were performed in a Techne Genius thermocycler following
the PCR parameters set forth in Vos et al. (1995). The pre-amplified DNA was then
diluted 4-fold with sterile water and used as a template for selective amplification with
EcoRI+3 and MseI+3 selective primers, each having three selective nucleotides at the 3’
end. The EcoRI+3 selective primer was labeled with a WellRED dye (Sigma-Proligo).
The selective amplification reaction included 1.25 µl of diluted pre-amplification
product, 0.2 mM of dNTPs, 1.5 mM of MgCl2, 0.1 U of Ex Taq (Fisher), 10x PCR buffer
(Fisher), 7.5 ng of the MseI selective primer, and 5 ng of EcoRI selective primer labeled
with a WellRED dye (Sigma-Proligo) in a reaction volume of
10 µl. The PCR parameters for selective amplification followed Vos et al. (1995). Five
primer combinations utilizing different MseI + 3 selective primers were used (Table 1).
22

Selective amplification products were analyzed utilizing the CEQ 8000 GenomeLab
system (Beckman Coulter). Results were scored utilizing the CEQ AFLP Dominant
Scoring Software (bin width was set at 0.85) (Beckman Coulter). B. napus-specific
markers, i.e., those present within the bulked parental B. napus individuals and absent in
all bulked B. rapa individuals, were selected and scored accordingly. Since AFLPs are
dominant markers, DNA samples from the parental lines were each bulked for analysis
for several reasons: (1) to acquire a set of parent-specific markers, (2) to increase
discriminatory power and to (3) eliminate the possibility of false positive marker
amplification. Due to the unique breeding strategy utilize in this study, the DNA from
individuals within the three GT hybrid populations was analyzed by plant. The number
of plants sampled per line differed because of tissue availability (Halfhill et al. 2003,
Warwick et al. 2008). In this study, we also wanted to analyze the effects of B. rapa
specific markers, i.e. those present in the bulked B. rapa sample and absent in the bulked
B. napus sample, on performance. B. rapa specific AFLP markers were scored in the
same manner as the B. napus markers.
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Results
Transplantation Rates
The competitive ability of the transgenic mixed BC1/F2 hybrids and nontransgenic parental controls was quantified by growing them in the presence and absence
of inter-specific competition with a fall plant wheat crop in Tifton, GA. Optimal field
growth/maintenance conditions (fertilizer application, over-head irrigation, and weed
management) representing a true cropping systems, were maintained throughout the
growing season. Transplanting success rate differed among lines and among treatments
(summarized in Table 2) but the overall survival rate was 83%.

Field Data: Competition with Wheat
When the two non-transgenic parental lines and three hybrid lines were grown in
competition with wheat, B. rapa produced the most seeds, whereas B. napus produced the
fewest (Figure 5D). There were no statistical differences between the GT1 and GT5
hybrid lines. All of the hybrid lines produced fewer seeds than their weedy parent B. rapa
(Figure 5D). Most of the hybrid lines displayed a decrease in performance when
compared to B. rapa with the exception that the GT5 hybrid line produced as much
biomass as B. rapa in competition (Figure 5B). There were no statistical differences seen
between non-transgenic B. napus, GT1 and GT9 hybrid lines when they were grown in
competition with wheat (Figure 5B). The effect of Brassica competition on wheat
productivity differed among the lines, but overall, no difference was observed between
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the wheat growing in the absence of Brassica competition and wheat growing in the
presence of Brassica competition (Figure 6).

Field Data: No Competition
Under no competition conditions, B. napus out-performed all of the other lines.
The GT5 hybrid line displayed an increase in performance when compared to B. rapa.
The other hybrid lines, GT1 and GT9, were less fit than B. rapa. The same was true for
vegetative dry mass (Figures 5A and 5C). Regardless of treatment or line, there was a
strong correlation between biomass and seed mass (r = 0.89, P < 0 .0001), seed mass and
seed yield (r = 0.88, P < 0.0001), and biomass and seed yield (r = 0.83, P < 0.0001)
(Figure 7)

Number of B. napus and .B. rapa Specific AFLP Markers Per Line and Per Treatment
The five selective primer sets used (E + M1, E + M2, E + M3, E + M4, and E +
M5) resulted in a total of 136 Brassica napus specific markers. A marker was considered
Brassica napus specific if it was present in the bulked Brassica napus sample and absent
in the bulked Brassica rapa sample. The five selective primer sets also resulted in 95
Brassica rapa specific markers. A marker was considered B. rapa specific if it was
present in the bulked B. rapa sample and absent the in bulked B. napus sample.
The number of B. napus and B. rapa specific AFLP markers differed between
lines and among treatments (P > 0.0001). There were no differences in the amount of B.
napus markers within an individual line and among treatments in all lines except GT9
(Figure 8A). When the GT9 hybrids were grown under non-competitive conditions, the
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number of B. rapa markers was significantly less than the number of B. napus markers
measured from plants grown under competition. The opposite was observed for the B.
rapa markers and the GT9 hybrid line. More B. rapa markers were measured when the
GT9 hybrids were grown in competition with wheat than were measured for hybrids
grown under no competition (Figure 8B). However, as stated above, no correlations were
observed between any of the markers and field productivity for the GT9 hybrid line. The
GT1 lines also displayed a difference in the amount of B. rapa markers. In the absence of
competition with wheat, fewer markers were measured than were measured for plants
grown in competition with wheat (no differences were seen in B.napus markers for either
of the treatments).

AFLP Analysis: B. napus Marker and Productivity Correlations
No Competition
The original hypothesis tested was that hybrids containing more Brassica napus
crop alleles or genetic load would be less competitive than weedy species because of
genetic load. Interestingly, in the absence of competition, the opposite was found. There
was a moderate positive correlation between B. napus specific AFLP markers and seed
yield, vegetative biomass and seed mass but only for the GT1 hybrid line: seed yield vs.
marker (r = 0.62, P < 0.02), biomass vs. marker (r = 0.70, P < 0 .007) seed mass vs.
marker (r = 0.58, P < 0 .035). No correlations were observed between the B. napus
markers and seed yield in the GT5 (r = 0.40, P > 0.12) and GT9 (r = 0.11 P > 0.77)
hybrid lines (Figure 9). No correlations were observed between the B. napus markers and
vegetative dry biomass in the GT5 (r = 0.36, P > 0.17) and GT9 (r = -0.014, P > 0.96)
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hybrid lines (Figure 10). No correlations were observed between the B. napus markers
and the GT5 (r = 0.24, P > 0.37) and GT9 (r = 0.021, P > 0.95) hybrid lines (Figures 9,
10, and 11). Overall, the correlations between B. napus markers and productivity were:
seed yield vs. marker (r = 0.54, P < 0.0003), seed mass vs. marker (r = 0.52, P < 0.0005),
and vegetative dry biomass vs. markers (r = 0.44, P < 0.0046).

Competition
When the lines were grown in competition with wheat, there were no significant
correlation between B. napus crop markers and seed yield [(global analysis: r = 0.05, P >
0.79) (GT1: r = -0.18, P < 0 .53) (GT5: r = 0.33, P > 0.23) and (GT9: r = -0.46, P > 0.21)]
(Figure 12), vegetative dry biomass [(global analysis: r = 0.14, P > 0.38) (GT1:
r = -0.38, P < 0 .17) (GT5: r = 0.40, P > 0.15) and (GT9: r = -0.43, P > 0.24)] (Figure 13),
seed mass [(global analysis: r = 0.04, P > 0.80), (GT1: r = -0.15, P < 0 .62), (GT5: r =
0.35, P > 0.21) and (GT9: r = -0.30 P > 0.44)] (Figure 14) or wheat vegetative dry
biomass [(global analysis: r = 0.07, P > 0.68) (GT1: r = 0.17, P < 0 .54) (GT5: r = -0.13,
P > 0.66) and (GT9: r = 0.07, P > 0.86)] (Figure 15) for any of the transgenic events.

AFLP Analysis: B. rapa Marker and Productivity Correlations
No Competition
There were no correlations between Brassica rapa markers and productivity when
the lines were grown in the absence of competition: B. rapa markers vs. seed yield
[(global analysis: r = 0.11, P > 0.50), (GT1: r = 0.39, P > 0.17), GT5 (r = 0.35, P > 0.18)
and GT9 (r = 0.30, P > 0.40)] (Figure 16), B. rapa markers vs. vegetative dry biomass
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[(global analysis: r = 0.07, P > 0.65), (GT1: r = 0.41, P > 0.14), GT5 (r = 0.40, P > 0.13)
and GT9 (r = -0.06, P > 0.86)] (Figure 17), and B. rapa markers vs. seed mass [(global
analysis: r = 0.11, P > 0.50), (GT1: r = 0.39, P > 0.17), GT5 (r = 0.27, P > 0.33) and GT9
(r = 0.20, P > 0.57)] (Figure 18).

Competition
Under competitive conditions, there were strong correlations between B. rapa
markers and fitness as follows: seed yield vs. marker (r = 0.70, P < 0.0001), seed mass vs.
marker (r = 0.73, P < 0.0001). When analyzed by transgenic event, there was a positive
correlation between B. rapa specific AFLP markers and productivity for one of the
hybrid lines (GT1). In the GT1 line, the correlations between B. rapa markers were
slightly higher than the B. napus markers: seed yield vs. marker (r = 0.83, P < 0.0002),
seed mass vs. marker (r = 0.84, P < 0.0001) (Figure 19). No correlations were observed in
the GT5 and GT9 hybrid lines between the B. rapa markers, seed mass [(GT5: r = 0.18, P
> 0.54) and (GT9: r = 0.28, P > 0.94)] and seed yield [(GT5: r = 0.35, P > 0.18) and
(GT9: r = 0.30, P > 0.40)] (Figure 19 and 21). Under competitive conditions, no
correlations, between B. rapa markers and vegetative dry biomass, existed for any of the
lines (global analysis: r = -0.08, P > 0.62), (GT1: r = -0.26, P > 0.36), (GT5: r = 0.027, P
> 0.93) and (GT9: r = -0.22, P > 0.56)] (Figure 20). Under competitive conditions, no
correlations, between B. rapa markers and wheat vegetative dry biomass, existed for any
of the lines [(global analysis: r = 0.07, P > 0.68) (GT1: r = 0.23, P < 0 .43) (GT5: r =
-0.13, P > 0.66) and (GT9: r = 0.07, P > 0.86)] (Figure 22).

28

Discussion
Gene Flow: Hybridization vs. Introgression
Gene flow research was relatively non-existent until transgenic crops were
produced and commercialized in the mid 1990s (Stewart et al. 2005). Depending on the
transgene, it was hypothesized that gene flow could result in feral populations that were
endogenously superior when compared to their weedy counterparts. In particular,
transgenes that had the potential to enhance the environmental tolerance of a species (for
example, genes conferring drought, cold or salt tolerance) or genes that had the ability to
alter patterns of growth and development could have important effects on the fitness of a
recipient wild species. These effects could result in notable adaptive shifts and habitat
range extensions (Stewart et al. 2003).
However, it must be noted that hybridization, and especially introgression, are
relatively rare in nature (Rieseberg and Wendel, 1993). For hybridization between closely
related species to occur, several conditions must be meet. The two species must be
growing in close proximity to each other, have overlapping flowering times, and be
reproductively compatible (Chapman et al 2006, Stewart et al 2003, Felber et al 2008). If
hybridization does occur, multiple backcrosses are needed before introgression can occur
(Stewart et al. 2003). Furthermore, the likelihood that beneficial or neutral traits will be
introgressed is much higher when compared to detrimental genes. Beneficial of neutral
traits are preferentially introgresses when compared to detrimental genes because the
detrimental genes do little to enhance the survivorship of the host (Stewart et al. 2003,
Halfhill et al. 2005, Felber et al 2008). Once genes become introgressed, their expression
can also be dependent upon ecological factors such as, environmental stress, ecological
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conditions and location (Baack et al 2008, Snow et al 2003, Wright et al. 2006).

Hybrid Inferiority: Case-by-Case Events
It has been documented that many interspecific hybrids between crops and weeds,
including transgenic hybrids, exhibit inferior performance when compared to their weedy
parent (reviewed in Felber et al 2008) with few exceptions (Snow et al. 2003,
Guadagnuolo et al. 2006). There are many possible explanations for these observations,
most of which focus on the fitness penalties associated with hybridization and
backcrossing. According to Burke et al (2001), there are a variety of genetic mechanisms
affecting hybrid fitness. Heterosis or hybrid vigor could be enhanced by the segregation
of additive genetic traits or optimal environmental conditions. In regards to the sunflower
examples published by Snow et al, the cultivated and wild sunflowers are the same
species, and therefore it makes sense that the incorporation of a fitness enhancing
transgene would enhance hybrid performance. Because of sequence compatibility, these
hybrids do not have to deal with problems, such as non-homologous chromosome pairing
and mitotic constraints, that exist for other species (like Brassica hybrids) that do not
share compatible genomes. Unless the trait or transgene is deleterious, like a fitness
mitigating gene for example, genetically compatible species can only benefit from
hybridization and introgression.
Hybrid inferiority could be caused by interspecies effects, initial transgene
insertion locus (position effects when considering transgenic hybrids), or by negative
epistasis (gene interactions) associated with linkage-derived genetic load (Halfhill et al,
2005, Felber et al 2008). To test whether or not Brassica hybrid inferiority was caused by
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genetic load, we investigated how fitness differed between non-transgenic parental and
hybrid lines with and without interspecific competition with wheat and then compared
those results with crop specific and weed specific AFLP markers.

Consequences of Genetics Load
Recent studies have shown that, through volunteer populations or through
introgression with sympatric feral populations, transgenes can persist in transgenic feral
Brassica populations for several years after the cultivation of a transgenic crop has
ceased (Warwick et al. 2003, 2008). Even though hybridization and transgene
introgression can occur, previous research has shown that the BC2 hybrids, with and
without transgenes, formed between B. napus and B. rapa are less fit in agronomic
(vegetative biomass, seed yield, and weediness potential) and laboratory settings
(hydroponic/nitrogen use efficiency) than their parental weedy species (Halfhill et al.
2003, 2005). One hypothesis is that the observed decrease in B. rapa × B. napus hybrid
fitness is because of the genetic load of crop genes hitch-hiking with the transgenes as
they are introgressed into the weedy species (Stewart et al. 2003; Halfilll et al. 2005).
In our results, there was an association between genetic load and plant
productivity in just one of our transgenic event, but there were strong transgenic event
effects among types. Thus, we did find a genetic load effect but only for one of our
transgenic events. However, the observed genetic load effect was opposite of our
hypothesis. When the GT1 hybrid line was grown in the absence of competition, there
was a positive correlation between Brassica napus crop markers and productivity. In the
presence of competition, there was a strong correlation between Brassica rapa weed
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specific AFLP markers and productivity, again, only for the GT1 line. These results
indicate that inherited crop alleles, introgressed as a result of hybridization, can be
preferentially selected to ensure maximum growth potential and productivity under cropfavorable conditions (as seen in the absence of interspecific competition). Conversely,
inherited weedy alleles can be preferentially selected under more “weed-like” conditions
(presence of interspecific competition). This evidence of local and situational adaptation
demonstrates that many alleles are beneficial in some but not all environments (Baack et
al. 2008, reviewed in Wright et al. 2006).
As sessile organisms, plants are restricted to the environment in which they are
grown. To thrive in that environment, they must be able to maximize resource acquisition
per environment. In our case, this might include the up-regulation of a gene or genes that
would, in other situations or environments, be unfavorable. Based upon our research on
hybrid populations, crop alleles were beneficial in crop-conducive settings and weed
alleles were beneficial in weed-conducive settings. These results are consistent with a
recent study performed on recombinant inbred sunflower lines. The authors found that,
under different environmental conditions, crop traits (earlier flowering time, larger stem
diameter, and larger flowering disk diameter) were preferentially favored in one location,
while weedy traits (smaller ray and seed size) were favored at another location (Baack et
al. 2008).
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Differences Among Transgenic Events
Differences in transgenic events were observed in this study. The effects
associated with the initial transgene insertion loci could explain these differences. Zhu et
al. (2004) examined the transgene segregation ratios for each of these lines. Based upon
the ratios of transgenic to non-transgenic progeny, they concluded that the GT1 and GT5
lines did not deviate from normal patterns of Mendelian inheritance indicating that the
transgene could have been inserted into the A genome and hence would have a decreased
chance of being lost in backcrossing due to genome compatibility. It is unclear why there
were no correlations between B. napus markers, B. rapa markers and productivity in the
GT5 line when correlations were observed in the GT1 line. For the GT5 line, it would be
of interest to identify the specific transgene locus and map flanking genes.
Overall, the GT9 hybrids had lower transplant survivorship rate, seed yield, and
biomass productivity; in other words, it was consistently inferior when compared to the
other lines. One possible explanation for this observation could be that the GT9 line
harbors a mutation that is silenced in the semi-dominant state. If the GT9 hybrid line
harbors a mutation that is silenced in the semi-dominant state, selfing and/or interhybridization would cause the mutation to be expressed in a dominant fashion. If the
mutation was present in a gene of functional importance, over dominance of this
mutation, created through hybridization, could prove mal-adaptive for survivorship
(reviewed in Carr et al. 2003). This hypothesis can be tested when future sequence data is
available. Another explanation could be that the defoliating insects were not active or
present in the amounts needed for a positive selection based upon the incorporation of Bt
gene.
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Biosafety Research: Applications for Transgenic Crops
Ellstrand et al (2003) identified over forty crop species that could hybridize with
wild relatives; in nature there are 10,000s species that can form F1 hybrids. Depending on
the species, genomic compatibility, degree of out-crossing and environmental and
ecological factors, these crops can be categorized as very low risk crops, low risk crops,
moderate risk crops, or high-risk crops with regards to gene flow (Stewart et al. 2003).
Some perennial grasses such as creeping bentgrass (Reichman et al. 2006) and
switchgrass (Stewart et al. 2007) are considered to be riskier still with regards to gene
flow. These categories are important when considering which plants could be safely used
in transgenic cropping systems. If the parameters for hybridization are favorable, wild
sympatric relatives growing near a cultivated crop field are likely to be recipients of crop
DNA and vice versa. The higher the risk, the greater the probability of unintentional
transgene flow (Stewart et al. 2003). Future genetically engineered gene-flow prevention
strategies should focus on transgene excision methods, such as gene deletor constructs,
that would eliminate transgene movement via pollen flow (Luo et al 2007). Other
possible strategies include transgene-mitigating constructs that couple a fitness enhancing
transgene to a gene that would be mal-adaptive in a feral environment (such as dwarfing)
(Gressel et al 1999, Al-Ahmad et al. 2004, 2005, 2006). Such strategies may prove to be
of ecological significance in the years to come.
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Appendix: Chapter 2

Table 1. Nomenclature and sequences of adaptors and primers used for amplified
fragment length polymorphism (AFLP) analysis

Adaptor

Sequence

EcoRI adaptor

5' CTCGTAGACTGCGTACC 3'
3' CATCTGACGCATGGTTAA 5'

MseI adaptor

5' GACGATGAGTCCTGAG 3'
3' TACTCAGGACTCAT 5'

Pre-Selective Primers
EcoRI + 1

5' GACTGCGTACCAATTCA 3'

MseI + 1

5' GATGAGTCCTGACTAAC 3'

Selective Primers
EcoRI + 3 (E: WellRED labeled)

5' GACTGCGTACCAATTCAAC 3'

MseI + 3 (M1)
MseI + 3 (M2)
MseI + 3 (M3)
MseI + 3 (M4)
MseI + 3 (M5)

5' GATGAGTCCTGAGTAACAT 3'
5' GATGAGTCCTGAGTAACAC 3'
5' GATGAGTCCTGAGTAACAG 3'
5' GATGAGTCCTGAGTAACAA 3'
5' GATGAGTCCTGAGTAACTA 3'
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Table 2. Transplantation survival rates among lines and between treatments.

Line

In Competition with Wheat

In the Absence of Competition

Number
Transplanted

Number
Survived

Survival
Rate (%)

Number
Transplanted

Number
Survived

Survival
Rate (%)

Brassica napus

20

19

95

20

20

100

Brassica rapa

20

17

85

20

15

75

GT1 (BC1/F2)

30

29

96.7

30

26

86.7

GT5 (BC1/F2)

30

26

86.7

30

25

83.3

GT9 (BC1/F2)

30

19

63.3

30

20

66.7
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(AA)

(AAC)

(AA)

Figure 1. Crossing strategy used to create the mixed BC1/F2 populations. B. rapa was
crossed back to the F1 hybrids to create the BC1 progeny. The F1 plants were crossed
amongst themselves creating F2 progeny. Seeds were collected from the F1 hybrids
resulting in a mixed BC1/F2 progeny population. Crossing was performed in the
greenhouse for better control in the spring of 2007.
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Figure 2. Field layout and plot measurements. GFP1 line was excluded from the study
because of low numbers of available transgenic progeny, and the TM line was excluded
from the study because most of the individuals did not survive transplantation.
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Figure 3. (A) Wheat was planted with a 2 m drill at a seeding rate of 90 kg per hectare
(B) Two-week-old Brassica hybrids and parental seedlings were transplanted into the
field two weeks after the wheat was planted (circle encompasses the transplanted
seedling) (C and D) Image showing the entire field site and close-ups of Brassica
hybrids growing in a non-competitive environment.
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Figure 4. (A) Brassicas growing in ½ m2 plot in competition with wheat. The orange box
represents a plot. At harvest, the above-ground biomass and the seed yield were measured
for each surviving plant. Wheat biomass was also collected for each plot. (B) Brassicas
growing in the absence of competition.
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Figure 5. Average vegetative dry biomass and seed yield of non-transgenic Brassica
napus (BN), Brassica rapa (BR) and transgenic BC1/F2 hybrid lines (GT1, GT5 and GT9)
grown under non-competitive (A and C) and competitive field conditions (B and D).
Bars with the same letter do not differ statistically (P < 0.0001). Error bars represent ±
standard error of the means.
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Figure 6. Biomass productivity of wheat under competition with non-transgenic
Brassica napus (BN), Brassica rapa (BR) and transgenic BC1/F2 hybrid lines (GT1, GT5
and GT9). Individual Brassica plants were transplanted into ½ m2 wheat plots to assess
the weediness of the different lines. Bars with the same letter do not differ statistically (P
< 0.0001). Error bars represent ± standard error of the means.
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A

B

C

Figure 7. Allometric relationship between fitness components among all treatments
and plant types. (A) biomass and seed yield (r = 0.89, P < 0.0001), (B) seed mass and
seed yield (r = 0.88, P < 0.0001), and (C) biomass and seed yield (r = 0.83, P < 0.0001).

43

A

B

Figure 8. (A) Average number of Brassica napus crop specific AFLP markers in the
transgenic BC1/F2 hybrid (GT1, GT5, GT9) populations as a result of being grown under
competition conditions (no-wheat competition plots) (black bars) and interspecific
competition conditions (lines grown in wheat plots) (gray bars). (B) Average number of
Brassica rapa weed specific AFLP markers in the transgenic BC1/F2 hybrid (GT1, GT5,
GT9) populations as a result of being grown under competition conditions (no-wheat
competition plots) (black bars) and interspecific competition conditions (lines grown in
wheat plots) (gray bars). Bars with the same letter do not differ statistically (P < 0.0001).
Error bars represent ± standard error of the means.
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Figure 9. Correlation analysis between seed yield and Brassica napus-specific AFLP
markers When the BC1/F2 populations were grown in the absence of competition, there
was a positive correlation between B. napus crop specific markers and seed yield (global
analysis: r = 0.54, P > 0.0003) in the GT1 hybrid line ( r = 0.62, P < 0.02). No
correlations were observed between the B. napus markers and seed yield in the GT5 (
r = 0.40, P > 0.12) and GT9 (r = 0.11 P > 0.77) hybrid lines.
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Figure 10. Correlation analysis between vegetative dry weight and Brassica napusspecific AFLP markers When the BC1/F2 populations were grown in the absence of
competition, there was a positive correlation between Brassica napus crop specific
markers and vegetative dry biomass (global analysis: r = 0.44, P > 0.0046) in the GT1
hybrid line (r = 0.70, P < 0 .007). No correlations were observed between the B. napus
markers and the GT5 (r = 0.36, P > 0.17) and GT9 (r = -0.014, P > 0.96) hybrid lines.
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Figure 11. Correlation analysis between seed mass and Brassica napus-specific AFLP
markers When the BC1/F2 populations were grown in the absence of competition, there
was a positive correlation between Brassica napus crop specific markers and seed mass
(global analysis: r = 0.52, P > 0.0005) in the GT1 hybrid line (r = 0.58, P < 0 .035). No
correlations were observed between the B. napus markers and the GT5 (r = 0.24, P >
0.37) and GT9 (r = 0.021, P > 0.95) hybrid lines.
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Figure 12. Correlation analysis between seed yield and Brassica napus-specific AFLP
markers. When the BC1/F2 populations were grown in the presence of competition, there
were no correlations between Brassica napus crop specific markers and seed yield in any
of the lines [(global analysis: r = 0.05, P > 0.79) (GT1: r = -0.18, P < 0 .53) (GT5: r =
0.33, P > 0.23) and (GT9: r = -0.46, P > 0.21)].
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Figure 13. Correlation analysis between vegetative dry weight and Brassica napusspecific AFLP markers. When the BC1/F2 populations were grown in the presence of
competition, there were no correlations between Brassica napus crop specific markers
and vegetative dry weight in any of the lines [(global analysis: r = 0.14, P > 0.38) (GT1:
r = -0.38, P < 0 .17) (GT5: r = 0.40, P > 0.15) and (GT9: r = -0.43, P > 0.24)].
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Figure 14. Correlation analysis between seed mass and Brassica napus-specific AFLP
markers. When the BC1/F2 populations were grown in the presence of competition, there
were no correlations between Brassica napus crop specific markers and seed mass in any
of the lines [(global analysis: r = 0.04, P > 0.80), (GT1: r = -0.15, P < 0 .62), (GT5: r =
0.35, P > 0.21) and (GT9: r = -0.30 P > 0.44)].
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Figure 15. Correlation analysis between wheat vegetative dry weight and Brassica
napus-specific AFLP markers. When the BC1/F2 populations were grown in the presence
of competition, there were no correlations between Brassica napus crop specific markers
and wheat vegetative dry weight in any of the lines [(global analysis: r = 0.07, P > 0.68)
(GT1: r = 0.17, P < 0 .54) (GT5: r = -0.13, P > 0.66) and (GT9: r = 0.07, P > 0.86)].
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Figure 16. Correlation analysis between seed yield and Brassica rapa-specific AFLP
markers. When the BC1/F2 populations were grown in the absence of competition with
wheat, there was no correlation between Brassica rapa specific markers and seed yield in
any of the hybrid lines [(global analysis: r = 0.11, P > 0.49), (GT1: r = 0.39, P > 0.17),
GT5 (r = 0.35, P > 0.18) and GT9 (r = 0.30, P > 0.40)]
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Figure 17. Correlation analysis between vegetative dry weight and Brassica rapaspecific AFLP markers. When the BC1/F2 populations were grown in the absence of
competition with wheat, there was no correlation between Brassica rapa specific markers
and seed yield in any of the hybrid lines [(global analysis: r = 0.07, P > 0.65), (GT1:
r = 0.41, P > 0.14), GT5 (r = 0.40, P > 0.13) and GT9 (r = -0.06, P > 0.86)]
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Figure 18. Correlation analysis between seed mass and Brassica rapa-specific AFLP
markers. When the BC1/F2 populations were grown in the absence of competition with
wheat, there was no correlation between Brassica rapa specific markers and seed mass in
any of the hybrid lines [(global analysis: r = 0.11, P > 0.50), (GT1: r = 0.39, P > 0.17),
GT5 (r = 0.27, P > 0.33) and GT9 (r = 0.20, P > 0.57)].
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Figure 19. Correlation analysis between seed yield and Brassica rapa specific AFLP
markers When the BC1/F2 populations were grown in competition with wheat, there was
a positive correlation between crop specific markers (global analysis: r = 0.70,
P > 0.0001) and seed yield in the GT1 hybrid line (r = 0.83, P < 0.0002). No correlations
were observed between the B. rapa markers and the GT5 (r = 0.11, P > 0.70) and GT9
(r = -0.49 P > 0.18) hybrid lines.
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Figure 20. Correlation analysis between vegetative dry weight and Brassica rapaspecific AFLP markers. When the BC1/F2 populations were grown in competition with
wheat, there were no correlations between Brassica rapa specific markers and vegetative
dry weight (global analysis: r = -0.08, P > 0.62), (GT1: r = -0.26, P > 0.36), (GT5:
r = 0.027, P > 0.93) and (GT9: r = -0.22, P > 0.56)].
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Figure 21. Correlation analysis between seed weight and Brassica rapa-specific AFLP
markers. When the BC1/F2 populations were grown in competition with wheat, there were
positive correlation between Brassica rapa specific markers and seed weight but only in
the GT1 hybrid line [(global analysis: r = 0.73, P > 0.0001), (GT1: r = 0.84, P > 0.0001),
(GT5: r = 0.18, P > 0.54) and (GT9: r = 0.28, P > 0.94)]
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Figure 22. Correlation analysis between wheat vegetative dry weight and Brassica rapaspecific AFLP markers. When the BC1/F2 populations were grown in competition with
wheat, there were no correlation between Brassica rapa specific markers and wheat
vegetative dry weight [(global analysis: r = 0.10, P > 0.55), (GT1: r = 0.23, P > 0.43),
(GT5: r = -0.13, P > 0.65) and (GT9: r = -0.08, P > 0.83)]

58

Chapter Three
Transgene Mitigation as a Strategy to Limit Gene Flow in
Hybrids: Field Experiments

Abstract
Transgenic crops have been widely adopted and grown on over a billion acres
worldwide. As the acreage devoted to biotech crops continues to increase, the possibility
of unintentional transgene flow, from crops to compatible wild relatives, increases.
Depending on the transgene, transgene flow and introgression could potentially disrupt
ecosystems. In order to prevent this from occurring, transgene containment strategies
must be in place. One such strategy, transgene-mitigation (TM), was explored in this
paper. By coupling agronomically beneficial transgenes (i.e. herbicide, disease or insect
resistance) with fitness mitigating genes (i.e. dwarfing, lack of seed dormancy, nonshattering seed pods, etc), TM strategies have the potential to reduce if not completely
eliminate transgenic hybrid survival or persistence if gene flow and introgression were to
occur. In this study, field experiments were executed to test a TM strategy in a model
Brassica napus (crop) x B. rapa (weed) hybrid system. TM hybrids, non-transgenic and
transgenic parental lines were grown in intraspecific and interspecific competitive
conditions to assess the effects of competition on transgene persistence. After one field
season of natural hybridization and backcrossing, the transgenic to non-transgenic
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progeny ratios decreased in all of the hybrid populations analyzed. Interestingly, the
decrease in transgenic individuals was the most dramatic in the TM hybrid populations.
After one field season, the amount of transgenic individuals in the TM hybrid progeny
populations decreased to less than one percent, indicating that TM strategies were
successful in mitigating transgene persistence. In terms of biomass and seed production,
we found that under non-competitive conditions the homozygous TM line performed as
well as its non-transgenic crop (B. napus) counter-part, indicating that TM constructs can
be successfully utilized in large-scale cropping system with little to no yield penalties.
The data below demonstrate that if gene flow and subsequent transgene introgression
were to occur, TM strategies (where dwarfing is utilized as the mitigation trait) could
impede if not completely eliminate the possibility of transgene persistence.
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Introduction
Transgenic crops have been widely adopted and grown on over a billion acres
worldwide (James 2007). Despite their success in improving yields and reducing the
need for pesticides and herbicides, environmental and ecological risks, especially those
emanating from the unfavorable consequences of gene flow and transgene introgression,
are of regulatory concern. The blanket concern, regarding gene flow, is whether or not
transgene introgression can be predicted, controlled, or completely eliminated all together
(Stewart et al. 2003). Lately, special interest has been devoted to the use of grain crops in
pharmaceutical production. If gene flow were to occur (from crops containing
pharmaceutical compounds to non-transgenic crops), the possible ramifications of
adventitious presence of pharmacologic transgenes in non-transgenic crops could lead to
regulatory nightmares and more bad press for transgenic crops in general (Stewart et al.
2008). Thus, there is an augmented interest in engineered transgene containment
strategies, especially since the cultivation of transgenic crops is expected to grow (James
et al. 2007).
It has been shown that transgenes can persist in feral populations (Reichman et al.
2006; Warwick et al. 2003, 2004, 2008). Therefore, transgene introgression is a real and
current concern. Many strategies have been proposed to prevent transgene from escaping
cultivation. These strategies can be divided into two main categories: containment, which
could be classified as physical or biological, and transgene mitigation (TM). Physical
containment, such as surrounding transgenic crops with buffer zones or barrier crops,
might help to block pollen flow by wind dispersal (Kareiva et. al 2000). Biocontainment
methods, such as male sterility (Mariani et al. 1990), transplastomics (inserting
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transgenes into the maternally inherited chloroplast or mitochondrial genome) (Corriveau
et al. 1988, Daniell et al. 2002, Hansen et al. 2003), and gene-deletor strategies, (where
transgene are excised from pollen grains through recombinase systems) (Luo et al. 2007)
could also be helpful in decreasing or limiting gene flow. However, most containers
spring leaks eventually. Therefore, it is prudent to consider mitigation, post-hoc, if gene
flow were to occur (Gressel, 2008).
Transgene mitigating strategies do not propose to eliminate transgene flow.
Instead, if gene flow and introgression were to occur, TM strategies propose to eliminate
transgene persistence by incorporating genetic load (defined as the incorporation of genes
that would prove mal-adaptive in a feral setting) into the host genome. This is
accomplished by fusing or linking agronomically beneficial transgenes (i.e. a gene
conferring herbicide, insect, or disease-resistance) with transgenes that would decrease or
mitigate the fitness of the host hence inhibiting the persistence of TM construct (Gressel
et al. 1999, 2002). The Δgai (gibberellic acid insensitive) gene, which confers a dwarf
phenotype (mode of action explained below), is one example of a fitness mitigating or
mal-adaptive gene. Dwarfing, the principle trait of the Green Revolution, is desirable in
many cultivated cropping systems because it helps to prevent lodging. It has also been
shown to increases biomass and seed yield (Gale and Youssefian, 1985). However,
dwarfing would be disadvantageous in a feral setting because taller weeds would shadow
dwarfed weeds. The dwarfed weeds would not be able to receive the same amount of
sunlight as their taller counter-parts and hence not be able to perform as well. Pollinating
insects would also have a more difficult time accessing dwarfed weeds if taller plants
surrounded them.
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Gibberellins (GA), a class of plant hormones, are responsible for regulating a wide
array of plant developmental processes including seed germination, flower initiation,
stem elongation, fruit development, trichome differentiation, and leaf expansion (Davies
et al. 1991, Busov et al. 2006, Peng et al. 1997). GA insensitive (GAI), repressor of GA1
(RGA), and RGA-like1 (RGA1-3) are proteins which play a central role in GA mediated
responses (Busov et al. 2006) When GAs are absent GAI, RGA, and RGL1-3 act to limit
GA mediated responses thereby inhibiting growth and development; however, when GAs
are present the repressive nature of these proteins is inhibited. Normally, the endogenous
levels of GA are high enough to overcome the inhibitory effects of these proteins (Pend
et al. 1997). All of these proteins contain a functional DELLA domain. This domain is
important in mediating GA responses. Non-synonymous substitution or deletions in this
domain result in gain-of-function mutations that constitutively inhibit one or several GA
responses (Peng et al. 1997). The mitigation gene (Δgai) used in this study was first
characterized in Arabidopsis thaliana mutants and confers a dwarfed phenotype (Peng et
al. 1997). This semi-dominant mutant allele encodes a constitutively active repressor
protein that lacks 17 amino acids near the amino terminus (i.e. the DELLA deletion
region); consequently, Δgai mutants are insensitive to the effects of endogenous and
applied gibberellins (GA) (Peng et al.1997, Al-Ahmad et al. 2004).
To date, TM constructs, ones that contain Δgai, have been inserted into Nicotiana
tabacum and Brassica napus and analyzed under greenhouse and screen-house conditions
(Al-Ahmad et al. 2004, 2005, 2006). From studies performed on B. napus, it was
observed that the homozygous TM dwarf B. napus plants grown alone had a much higher
seed yield than the non-transgenic plants. However, when grown in competition with tall
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non-transgenic cohorts, these same plants were exceedingly unfit (Al-Ahmad et a. 2006).
Under screen-house conditions, the reproductive fitness of homozygous TM B. napus
plants relative to non-transgenic B. napus was less than 12%, and the harvest index (grain
to straw ratio) of the TM plants was less than 40% of that of the non-transgenic
competitors. The authors concluded that the Δgai gene greatly enhanced the yield in a
weed-free transgenic crop, but that the dwarfed plants could be eliminated when
competing with non-transgenic cohorts (and presumably other species) when a selective
herbicide was not used.
Critics of utilizing dwarfing as the mitigation gene of choice point out that since
dwarfing is a recessive loss-of-function allele it would be selected against in a
hemizygous state. The dwarfing allele would not be expressed in first generation hybrids
because of the presence of the dominant GAI allele from the weedy parent genome.
Therefore, hybrids containing the TM construct may not exhibit the dwarfed phenotype
and yet still carry the fitness-enhancing gene from the TM construct. In further
generations, the deleterious allele would only be expressed in homozygous individuals,
which would strongly reduce its capability to lower the fitness of these plants. Moreover,
if the hybrids are fertile, this strategy would not prevent them acting as a genetic bridge
and pollinating the wild parent (Felber et al. 2008).
Reuter et al. (2008) challenged the theory that dwarfed volunteers or escapees
would be less competitive in a feral environment when they noted that feral nontransgenic B. napus populations were on average 41% shorter than cultivated nontransgenic B. napus populations. They attributed this height difference to phenotypic
adaptation to local environments. The authors concluded that, under certain
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environmental and ecological conditions, the proposed mitigation approach (dwarfing)
could increase escape and persistence of transgenic varieties rather than reducing them
(Reuter et al. 2008). If this were the case, other examples of processes or genes that might
be targeted by TM strategies include anti-secondary dormancy, uniform seed ripening,
inability to overwinter, non-bolting genes, and delayed seed shattering (Daniell et al.
2002, Al-Ahmad et al. 2004, 2005). The purpose of this study was to ascertain whether or
not TM strategies, where dwarfing is used as the mitigation gene of choice, could
successfully mitigate the persistence of transgene under true agronomic conditions. It was
hypothesized that the TM strategies would be able eliminate the persistence of transgenes
in progeny and derivative populations.
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Materials and Methods
Field Site, Transgenes and Plants
Field experiments were carried out from October 2007-June 2008 in Tifton, GA,
USA (31°27’N 83°30’W) at the Lang Rigdon research farms. Non-transgenic parental
lines (Brassica napus and Brassica rapa), homozygous TM, and hybrid GT and TM lines
were grown under intraspecific and interspecific competition conditions to assess the
effects of competition on transgene persistence. The TM plants contained the pPZP212ahasR-Δgai-1 tandem construct. This construct was initially engineered into Brassica
napus through Agrobacterium tumefacians mediated transformation (described in AlAhmad et al. 2006). This construct contains the Arabidopsis thaliana ahasR
(acetohydroxy acid synthase) mutant gene (Ser653 Asn) (Sathasivan et al. 1990), for
herbicide resistance, as the primary gene of choice, in tandem with the dwarfing Δgai
mutant gene that acts as a mitigator (see next section) (Peng et al. 1997). Several
herbicides, including the imidazolinones, inhibit the synthesis of the enzyme
acetohydroxy acid synthase (AHAS), a key enzyme needed in the synthesis of branchedchain amino acids. Any mutation in the gene encoding AHAS (hence the mutant ahas
gene) confers resistance to this class of herbicides (Saari et al. 1994, Gressel, 2002, AlAhmad et al. 2004). The mitigation gene (Δgai) used in this study was first characterized
in Arabidopsis thaliana mutants (Peng et al .1997). This semi-dominant mutant allele

Δgai encodes a constitutively active repressor protein that lacks 17 amino acids near the
amino terminus (the DELLA deletion region) and is respectively insensitive to the effects
of endogenous and applied GA (Peng et al. 1997, Al-Ahmad et al. 2004). The construct
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also contains the NPTII gene, which confers resistance to the antibiotic kanamycin. The
ahas and Δgai gene were tightly linked to each other in the same orientation with a 15base pair linker sequence (Al-Ahmad et al. 2004).
Of the four independent single-gene copy transformants created in Al-Ahmad et al.
(2006), the TM J9 line was used in our experiments because, under greenhouse and
screen house experiments, it outperformed its non-transgenic Brassica napus counterpart.
When grown in the absence of competition, the TM J9 homozygous line produced the
greatest amount of seeds per plant. Under screen house conditions, the TM J9
homozygous line produced double the amount of shoot and root biomass when compared
to non-transgenics (P ≤ 0.01). The TM T2 homozygous line also formed more leaves than
tall non-transgenic plants when grown alone at 2.5-cm spacing (P ≤ 0.05) and 10-cm
spacing (P ≤ 0.05). Because of the high productivity of the TM J9 line, Al-Ahmad et al.
(2006) concluded that this line could potentially be used in future field experiments. A
homozygous TM J9 parental control event was used as well as a BC1/F2 hybrid
population (see next section).
Non-transgenic B. napus and B. rapa parental lines and 3 GT hybrid populations
were used as controls and for comparative purposes in this study. The GT lines were
created as follows. Brassica napus was originally transformed with the pSAM12
construct (described in Harper et al., 1999). The pSAM12 contains GFP (derived from
Aequeorea victoria, mGFP5er variant, ER targeted) (Haseloff et al. 1997) and an
insecticidal Bt (derived from Bacillus thuringiensis, synthetic Bt cry1Ac) gene.
Independent trasformants were labeled as “GT” lines (because of the presence of GFP
and Bt) (Halfhill et al. 2003). From the original transformation, nine independent
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transgenic events were produced (GT 1-9). Of those nine, three were chosen for this
study (GT1, GT5, and GT9). Each of these GT lines represents independent transgenic
events (each with unique single copy transgene insertion sites). These specific lines were
chosen based upon previous research that showed differences in the amount of Bt protein
production among the transgenic events (Zhu et al 2004, Halfhill et al 2003). Zhu et al.
(2004) quantified the amount of Bt protein in each of the nine transgenic events. They
found that the homozygous GT9 line produced the most Bt protein at all stages of
development. The Bt concentrations in GT1 and GT5 were relatively the same.

Breeding Strategy
The homozygous GT transgenic B. napus lines and the homozygous TM lines
were initially hand crossed with non-transgenic B. rapa (a.c. 2974) in order to create an
F1 hybrid line. The F1 hybrids were then backcrossed to B. rapa and crossed amongst
themselves under greenhouse conditions to create a mixed BC1/F2 population. In this
case, B. rapa and the F1 hybrids were both used as pollen donors. This diverse population
was chosen for analysis because previous research showed that the Mendelian
segregation patterns began to differ among transgenic events in these generations. Zhu et
al. (2004) concluded that these differences were because of the unique patterns of
transgene insertion. In order to characterize the weediness potential of a backcrossed
BC1/F2 hybrid populations and their non-transgenic parental lines, Brassica lines were
grown in conjunction with a fall planted wheat crop (Triticum aestivum, AGS 2000). The
hybrids and parental lines were also grown in the absence of interspecific competition to
assess their maximum growth and productivity potential.
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Experimental Design and Data Analysis
A completely randomized split-plot design with replication was utilized to take
into account the two different experimental units being analyzed in this study (Figure 23;
all figures and tables are located in the appendix at the end of the chapter). A split-plot
design is utilized any time there is at least 2 treatment factors, one of which (the whole
plot treatment: in this case interspecific competition vs. no-competition) is applied to
large experimental units. The large experimental units contain smaller experimental units
(subplot experimental units) to which the other treatment factor (subplot treatment: in this
case Brassica lines) is applied (Ott and Longnecker, 2001). Statistical analysis included
whole plot treatment (two treatments per experiment) and sub-plot interaction (7 subplots in each plot). The field site contained 10 plots (5 wheat and 5 no-wheat plots), 7
sub-plots within each plot, totaling 70 measurable sub-plots. Twenty-five seeds from
each line were sown into 1 × 2 m plots at the same time that the wheat was planted.
A 2 m drill was used to plant the wheat at a seeding rate of 90 kg per hectare.
Wheat varieties were chosen based upon growing conditions and regional productivity
data. It was hypothesized that the weedier the Brassica, the less biomass the wheat would
yield. Wheat, located within a half-meter radius surrounding the Brassica hybrids, was
harvested to measure the effects of competition associated with the hybrids. Wheat was
chosen as the competitive crop because wheat usually follows canola in agronomic crop
rotation practices (Figures 25 and 26).
Sub-plots (lines) within each treatment (competition/no-competition) and the
treatment plots were randomized using SAS version 9.2 (SAS Institute Inc, Cary, NC,
USA). Soil sampling and analysis was performed on the field prior to planting. There
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were no soil nutrient differences throughout the field (data not shown). No insecticide
was added to the field site. All plants were subjected to ambient insect or herbivory
pressure. At plant maturity, aboveground vegetative biomass, from each plot, was handharvested, dried and recorded. Seed weight or mass was measured by the total amount of
seed (g) produced. The total number of seeds per plot was calculated based on the
average weight of 50 seeds. Plant dry weight and number of seeds were used to estimate
the vegetative and reproductive productivity. The numbers of plants in each plot were
also scored to measure survivorship. Plant productivity data among lines and treatments
was analyzed using analysis of variance (ANOVA) using SAS version 9.2. Rank
transformation was implemented when the data did not meet equal variance or normality
assumptions. SAS macros used in this analysis were kindly provided by Dr. Arnold M.
Saxton and can be accessed by going to the following website
(http://animalscience.ag.utk.edu/faculty/saxton.htm).

Transgenic Segregation Ratios in Brassica Populations
The parental and progeny lines were screened under laboratory conditions. The
parental seed stocks were screened prior to being sown in the field and the progeny seed
stocks were screened post harvest. For the GT and non-transgenic parental (B. napus and
B. rapa) lines, a total of 125 seeds (5 replicates of 25) were plated on moist filter paper
and placed in a growth chamber (16 h days, 24 °C, and 60 µmol/m2 s). After a week, the
GT and parental lines were screened using a hand-held long wave ultraviolet (UV) light
(UVP model B-100AP 100W 365nm). The presence of GFP in the GT lines made it easy
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to screen for transgenic individuals. Since the TM lines did not contain any type of
fluorescent marker, they were screened on MS (Murashige and Skoog et al. 1964)
medium containing a discriminatory dose of kanamycin (260 µM) and imazapyr (0.5
µM) after being surface sterilized (Al-Ahmad et al. 2006). Sensitive seedlings were able
to germinate but turned white and stopped growing after a few days, whereas resistant
seedlings formed long roots, true leaves and continued normal growth (Figure 24). The
germination ratio was calculated by dividing the number of seeds that germinated by the
total number of seeds plated. Based upon the germination ratio, the segregation ratio of
transgenic to non-transgenic seedlings was then calculated for the non-transgenic
parental, GT and TM hybrid lines and the homozygous parental TM line. Differences in
transgenic segregations ratios was analyzed per line and for each treatment by analysis of
variance (ANOVA) using SAS version 9.2 (SAS Institute Inc, Cary, NC, USA).

71

Results and Discussion
Field Productivity Data
TM seedlings do not possess any visible phenotype that can be detected during the
early stages of development. When the plants are more mature, the dwarf phenotype is
apparent and the leaves tend to take on a slightly darker green color (Al-Ahmad et al.
2005). This phenotype was apparent when the plants were grown in the laboratory, for
screening purposes, and in the field. When the lines were grown in competition with
wheat there were no statistical differences observed in regards to seed yield (Figure 30),
meaning that all lines performed relatively the same. When grown in competition with
wheat, the non-transgenic B. rapa reached an approximate height of 145 cm (Figure 27A)
while the homozygous TM plants reached an approximate height of 50 cm (Figure 27B).
At the time of harvest (early June), the seed pods on all of the non-transgenic and hybrid
lines were completely mature and ready to shatter while the seedpods on the TM
homozygous plants (under competitive and non-competitive conditions) were still
partially green and maturing (Figure 27B). When the lines were grown in the absence of
competition with wheat, differences in seed mass (Figure 28A), biomass (Figure 28B)
and seed yield (Figure 29) were observed. These results are congruent with those of AlAhmad et al (2006). Throughout the field season, it was observed that the homozygous
TM parental lines exhibited delayed germination, reduced height, and delayed flowering
(Figures 25 and 26). However, when grown under non-competitive conditions, the TM
homozygous populations performed as well as their non-transgenic crop counterpart (B.
napus), indicating that dwarfing could be utilized in true cropping systems without any
yield penalties (Al-Ahmad et al. 2004, 2006) (Figures 28 and 29).
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Transgenic Segregation Ratios: Parental Populations
In order to determine basal transgenic segregation ratios prior to being sown in the
field, the TM parental and hybrid lines used in this study were screened on media
containing kanamycin and imazapyr. The GT parental lines were screened using a handheld UV light after being germinated on filter paper under laboratory conditions. As
expected, no GFP was detected in the B. napus and B. rapa parental lines. For the GT and
TM lines, the transgenic segregation ratios differed among events (Table 3). Zhu et al
(2004) hypothesized that the initial transgene insertion loci (position effects) could cause
segregation ratios to differ from the expected Mendelian segregation ratios in progeny
populations. When compared to transgenes inserted into the A genome of B. napus (a
genome shared by B. rapa), differences in sequence homology could cause transgenes
inserted into areas of the B. napus C genome to be lost during backcrossing.

Transgenic Segregation Ratios: Hybrid Populations
After one field season of natural hybridization, the progeny from the mixed parental
lines was comprised of BC2 and F3 individuals. The progeny from the TM hybrid line
was screened on media containing kanamycin and imazypyr. The incorporation of
imazapyr into the screening media allowed us to detect for hemizygous individuals that
would still benefit from a herbicide resistance gene. Using media which contains a
selective herbicide allows us to address the concern that if a herbicide was used in
agronomic settings, hybrids containing a TM construct (with dwarfing as the mitigation
gene) would still be able to persist due to the semi-dominant nature of the dwarfing gene
(Felber et al. 2008, Reuter et al. 2008). Previous research has shown that hemizygous TM
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individuals (herbicide and dwarfing coupled together) are resistant to the herbicide and
are of intermediate stature (Al-Ahmad et al. 2004, 2006). Our research shows that even if
the dwarfing gene is expressed in the hemizygous state (as in the hybrid populations), it
still effectively reduces the risk of transgene persistence.
The number of transgenic individuals within the GT and TM hybrid populations
decreased after one field season. The transgenic ratios differed among lines and between
treatments (interspecific and intraspecific competition) (P > 0.0001). For the GT1, GT5,
GT9 and TM BC2/F3 hybrid lines the amount of transgenic individuals in the progeny
populations did not differ as a result of competition (Figure 31). However, in the progeny
of the TM J9 homozygous line, there was a significant difference observed as a result of
competition. When the TM J9 homozygous line was grown in competition with wheat,
the progeny population had fewer transgenic individuals than the progeny population
growing in the absence of interspecific competition (Table 3). This indicates that when
the dwarfing is utilized for a containment strategy, the plants are not able to compete as
well and hence persist in subsequent generations when compared to a stand of dwarfed
plants growing in the absence of competition. Hence hybrids containing TM constructs
are not very good weeds. The wheat probably made it more difficult for the TM plants to
hybridize amongst themselves and hence made them more susceptible to pollen from
outside sources such as insects. GFP was detected in the parental (BN and BR) progeny
lines post-field season indication that gene flow occurred within the field site as a result
of insect presence and pollen flow occurred among plots. For the TM hybrid line, the
decrease in transgenic individuals was greater than in the GT lines. Even though the
initial frequency of transgenic individuals in the TM hybrid line was low (22% of the
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population), the transgenic ratio dropped to less than 1% (0.03% in competition and
0.07% in no competition). There was also a decrease of transgenic individuals in the TM
homozygous population (from 100% to 77%). These data indicate that TM constructs
were effective in severely limiting or preventing gene flow from transgenic crops to their
wild relatives.

75

Appendix: Chapter 3
Table 3. Germination and transgenic segregation ratios as a result of inter and intraspecific competition. Germination and
transgenic segregation rations were calculated for the parental (BN: B. napus; BR: B. rapa; TM T9 T2 and hybrid BC1/F2
populations (GT1, GT5, GT9, and TM) pre and post season. The transgenic ratios decreased for all of the transgenic lines after
one field season of natural backcrossing. GFP was detected in the BN and BR progeny populations indicating that hybridization
occurred between the transgenic populations and the non-transgenic parental populations.

BC2/F3 Progeny Populations:
Competition

Parent Populations

BC2/F3 Progeny Populations:
No Competition

Line

Seeds
Plated

Germination
Ratio (%)

Transgenic
Ratio (%)

Seeds
Sown

Germination
Ratio (%)

Transgenic
Ratio (%)

Seeds
Sown

Germination
Ratio (%)

Transgenic
Ratio (%)

BN

125

100

0

125

93.92

1.36

125

89.12

2.75

BR

125

100

0

125

92.16

7.26

125

89.76

5.67

GT1 BC1/F2

125

80.7

55.1

125

89.92

38.53

125

88.56

36.84

GT5 BC1/F2

125

79.3

63.9

125

88.96

33.98

125

93.28

37.06

GT9 BC1/F2

125

90.7

32.1

125

90.72

10.27

125

89.76

10.41

TM J9 T2

125

86.4

100

125

81.56

77.71

125

82.61

88.33

TM BC1/F2

125

87.2

22.4

125

84.28

0.346

125

87.264

0.7
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Figure 23. Field design and plot measurements for the transgene persistence study. The
field site contained 10 plots (5 wheat and 5 no-wheat plots), 7 sub-plots within each plot
(one for each line), totaling 70 measurable sub-plots. Twenty-five seeds from each line
were sown into 3‘ × 6’ sub-plots at the same time that the wheat was planted.
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A

B
Figure 24. TM lines were screened on MS medium containing a discriminatory dose of
260 µM kanamycin and 0.5 µM imazapyr after being surface sterilized. Sensitive
seedlings were able to germinate but turned white and stopped growing after a few days
(B) whereas resistant seedlings formed long roots, true leaves and continued normal
growth (A).
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Figure 25. (A) Brassica populations growing in competition with wheat. (B) Brassica
populations growing in the absence of competition. (C) Overview of the field site. Each
Brassica line was equally represented in each plot (wheat/ no-wheat). The orange flags
denote sub-plots.
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Figure 26. Brassica populations growing in the absence of competition.
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A

B

Figure 27. In comparison with weedy Brassica rapa (A) which can be seen at least 15
cm above the wheat at maturity (approximately 145 cm), the homozygous TM plants
reached an approximate height of 50 cm under competitive conditions (B). At the time of
harvest (early June), the seed pods on all of the non-transgenic and hybrid lines were
completely mature and ready to shatter (A) while the seedpods on the TM homozygous
plants were still immature and green (B).
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Figure 28. Average vegetative dry biomass and seed mass of non-transgenic Brassica
el
napus (BN), Brassica rapa (BR), homozygous TM J9 T2 [TM(H)]and transgenic BC1/F2
d
hybrid populations [GT1, GT5, GT9 and TM(B)] being grown under non-competitive (A
of
and C) and competitive field conditions (B and D). Bars with the same letter do not
n
differ statistically (P < 0.0001). Error bars represent ± standard error of the means.
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Figure 29. Average seed yield (2e +4 = 20,000 seeds, 1e + 5 = 100,000 seeds, etc.) of
non-transgenic Brassica napus (BN), Brassica rapa (BR), homozygous TM J9 T2
[TM(H)] and transgenic BC1/F2 hybrid [GT1, GT5, GT9 and TM(B)] populations being
grown under non-competitive condition. Bars with the same letter do not differ
statistically (P < 0.0001). Error bars represent ± standard error of the means.
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Figure 30. Average seed yield of non-transgenic Brassica napus (BN), Brassica rapa
(BR), homozygous TM J9 T2 [TM(H)] and transgenic BC1/F2 hybrid [GT1, GT5, GT9
and TM(B)] populations being grown under competitive condition. Bars with the same
letter do not differ statistically (P < 0.0001). Error bars represent ± standard error of the
means.
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Figure 31. Percent transgene persistence in the BC1/F2 hybrid [GT1, GT5, GT9 and
TM(B)] populations post harvest as a result of intraspecific competition (no-wheat
competition plots) (black bars) and interspecific competition (lines grown in wheat plots)
(gray bars). Percentages were calculated by dividing the number of transgenic individuals
in the progeny populations by the number of transgenic individuals in the parent
populations. Bars with the same letter do not differ statistically (P < 0.0001). Error bars
represent ± standard error of the means.
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Thesis Summary

The mal-adaptive fitness effects of hitchhiking crop/domestication specific alleles
(i.e. genetic load), as they become introgressed with transgenes into weedy genomes, is
one theorized explanation for the poor performance of Brassica napus (crop) × Brassica
rapa (weed) transgenic hybrids. These observations hold true regardless of the fitness
enhancing transgene. In order to measure the effects of genetic load, hybrid performance
and productivity data (i.e. seed mass, seed yield and biomass) were correlated to crop and
weed specific AFLP genomic markers. Comprehensive field experiments and correlation
analysis revealed that the negative costs of hybridization, between Brassica napus and
Brassica rapa, were not caused by the genetic load of crop alleles being inherited from
Brassica napus. Instead, as was the case for one of our transgenic events, crop and/or
weed alleles may actually benefit hybrids under more “crop-like” or more “weed-like”
conditions. In competitive “weed-like” conditions, there were positive correlations
between B. rapa weed specific markers and seed yield (r = 0.70, P < 0.0001). We also
found that in non-competitive “crop-like” conditions there were positive correlations
between fitness performance and B. napus crop specific AFLP markers [(seed yield vs.
marker (r = 0.54, P < 0.0003) and vegetative dry biomass vs. markers (r = 0.44, P <
0.0046)]. However, no correlations were observed for crop B. napus markers and
productivity in competitive (“weed-like”) environments or B.rapa markers and
productivity in non-competitive (“crop-like”) environments. Conversely, if genetic load
is directly incorporated into a genome [i.e. by inserting a fitness-mitigating gene (one that
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is beneficial for crops but bad for weeds), in our case dwarfing], it was observed that the
performance and the amount of transgenic progeny produced were reduced in
competitive environments. Our data suggest that while the natural introgression of
random non-specific crop alleles may not be the cause for the reduced performance
observed in transgenic Brassica hybrids, the directly engineered incorporation of
selective crop alleles (genetic load) does reduce hybrid performance. These results
indicate that fitness mitigating strategies (i.e. directly incorporated genetic load) may in
fact prove to be beneficial in mitigating the performance and persistence of transgenic
hybrids if gene flow and introgression were to occur.
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